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Abstract
Rocket-launched vehicles produce a trail of exhaust that contains ions, free electrons, and soot. The exhaust
plume increases the effective conductor length of the rocket. A conductor in the presence of an electric field
(e.g. near the electric charge stored within a cloud) can channel an electric discharge. The electrical conductivity
of the exhaust plume is related to its concentration of free electrons. The risk of a lightning strike in-flight is a
function of both the conductivity of the body and its effective length. This paper presents an approach that relates
the electron number density of the exhaust plume to its propagation constant. Estimated values of the collision
frequency and electron number density generated from a numerical simulation of a rocket plume are used to guide
the design of the experimental apparatus. Test parameters are identified for the apparatus designed to transmit a
signal sweep form 4 GHz to 7 GHz through the exhaust plume of a J-class solid rocket motor. Measurements of
the scattering parameters imply that the transmission does not penetrate the plume, but instead diffracts around
it. The electron density 20 cm downstream from the nozzle exit is estimated to be between 2.7x1014 m−3 and
5.6x1015 m−3.
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Nomenclature
α Attenuation Coefficient (Np/m)
β Phase Coefficient (rad/m)
γ Propagation Constant (m−1)
 Permittivity (C2/Nm2)
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1. Introduction
A fleet of aircraft is able to withstand an occasional induced lightning strike, but space ve-
hicles travel at far greater speeds and are much more susceptible to exterior damage. Safety
considerations for regular rocket flights are of paramount concern with the prospect of increas-
ingly frequent commercial rocket launches and the threat of induced lightning strikes. Demand
for several launches per week from a spaceport will require a more thorough understanding of
the factors that contribute to the threat of a lightning strikes and how they can be used to refine
weather restrictions on launch windows. Rockets and planes alike act as conductors moving
through an electric field. The make-up of a rocket’s exhaust plume is a large part of how the
vehicle interacts with the atmosphere. A rocket exhaust plume contains a dusty plasma. The
presence of mobile electrons in the plume lends to its conductivity and increases the effective
conductor length of the rocket body. The body of the rocket is electrically conductive and the
plume can be thought of as a trailing conductor. The effective conductivity of the plume is
closely related to its electron concentration.
The length of the plume with significant electrical properties is on the order of thirty to
fifty rocket body diameters [1]. Launching a space vehicle introduces a conductive path into
the atmosphere. The presence of a conductor distorts an electric field. In the case of a long
conductor, such as a rocket and its attached plume, the electrical potential gradient is sharply
increased at the front of the vehicle and at the tail end of its plume as illustrated in Figure
1.1. Once this potential becomes greater than the breakdown voltage of the atmosphere, an
electrical discharge may be triggered.
It is known from electromagnetic theory that mobile electrons will interact with electromag-
netic (EM) waves. A traveling EM wave losses energy by inducing oscillation and rotation in
electrons. It has been observed that the trajectory of a rocket-propelled vehicle may leave an
1
Figure 1.1 Equipotential lines of an electric field surrounding a rocket in the atmosphere [1].
Figure 1.2 Telecommunication difficulties due to plume-signal interaction [2].
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exhaust trail that interferes with telecommunications as in Figure 1.2. This interference has
been studied to learn how to mitigate communication difficulties through limiting the presence
of electron-producing impurities in solid propellants. A review of the literature has produced
examples of laboratory rigs that measure the changes in microwave signals transmitted through
rocket exhaust [3], [4], [5] . It has been shown that a transmission at microwave frequencies
(between 0.3 and 300 GHz) changes as it propagates through rocket exhaust. The interaction
of an electromagnetic wave passing through the plasma of a rocket exhaust is described by its
attenuation and phase shift.
The analytical relationships between the number density of electrons in a plasma and the
attenuation and phase shift imposed on an incident EM wave is discussed by Blevins [3]. The
experiment outlined here uses directed microwave signals as a non-intrusive probe to measure
attenuation and phase shift coefficients. By accounting for the sources of attenuation and
phase shift, these measurements allow us to infer the electron density of the plasma. This
information can be used to determine the conductivity of the rocket and plume relative to the
surrounding atmosphere. Coupled with measurements of the ambient electric field strength,
this knowledge will help evaluate the likelihood of a lightning strike. A process for choosing
the required parameters is developed with the description of the apparatus hardware.
This research is conducted in tandem with a novel computational fluid dynamics code.
Experimental measurements will be used to validate simulations so that their scope may be
expanded for use with commercially launched vehicles. The practical realization of this work
will be a method for either the FAA or commercial enterprises to estimate the conductivity of
a space vehicle’s exhaust plume. This information will allow for a much clearer understanding
of the lightning risk associated with launching a vehicle.
3
2. Theory
2.1 Uniform Plasma
Blevins [6] describes an analytical method to determine the attenuation and phase shift
of an electromagnetic wave based on the permittivity of the medium it passes through. This
approach assumes that the medium is a uniform plasma and does not account for the effects of
soot or water vapor in the exhaust. The analysis begins with a definition of the wave number
(k) of a signal passing through the plasma.
k =
ω
c
√
 (2.1)
The permittivity of the medium () is a complex number that can be expressed in terms of
the dimensionless indices of refraction (µ) and attenuation (χ).
k =
ω
c
(µ+ iχ) (2.2)
The phase coefficient (β) and attenuation coefficient (α) are expressed in radians per unit
propagation length and nepers per unit propagation length, respectively.
β =
ω
c
µ (2.3)
α =
ω
c
χ (2.4)
To continue this analysis, Blevins makes the following assumptions about the rocket ex-
haust:
1. The exhaust is a uniform plasma in which electrons only interact through the force
of their collective charges.
2. The velocity of the electrons is much greater than that of the ions and neutral
4
molecules in the exhaust.
3. The thermal electron speed is much less than the speed of light.
4. There is no significant external magnetic field.
The permittivity of the exhaust can now be written as a function of radial EM frequency
(ω), plasma frequency (ωp), and electron collision frequency (ν).
 =
(
1− ω
2
p
ν2 + ω2
)
+ i
(
νω2p
ω(ν2 + ω2)
)
(2.5)
The plasma frequency is related to the electron density as follows.
ωp =
√
Neq2e
0me
(2.6)
Substituting Equation 2.5 into Equation 2.1 allows us to solve for the index of refraction
(µ) and index of attenuation (χ). Finally, the phase and attenuation coefficients can be written
using Equations 2.3 and 2.4. In these equations, electron number density and electron-neutral
collision frequency are dependent variables. Figure 2.1 shows a contour plot of the collision
frequency from a computational simulation of a stoichiometric methane-oxygen rocket firing
at sea level [7]. A value of 4x1011s−1 through the thickness of the plume is taken as an approx-
imation of the collision frequency for this experiment. The same numerical study also provides
an estimated range of electron densities in Figure 2.2. These values are used to estimate the
attenuation to be measured in the experiment and drive the transmission requirements. The
variation of attenuation with transmission frequency described by Equation 2.8 is determined
using this information from the numerical study and illustrated in Figure 2.3.
β =
ω
c
12
(
1− ω
2
p
ν2 + ω2
)
+
1
2
(1− ω2p
ν2 + ω2
)2
+
(
νω2p
ω(ν2 + ω2)
)21/2

1/2
(2.7)
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α =
ω
c
−12
(
1− ω
2
p
ν2 + ω2
)
+
1
2
(1− ω2p
ν2 + ω2
)2
+
(
νω2p
ω(ν2 + ω2)
)21/2

1/2
(2.8)
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Figure 2.1 Electron-neutral collision frequency contours [7].
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Figure 2.2 Electron number density contours [7].
The microwave beam passes through a cylindrical segment of the rocket exhaust. Mea-
surements made using this theory reflect the attenuation and phase shift due to the integrated
distance through the plasma. This is a simple calculation if the plasma is treated as a homoge-
neous cylinder of thickness, dp (cm). A more detailed model of the plume approximates it as
a set of n concentric homogeneous regions, each with its own plasma frequency and collision
frequency. To apply this model, the following summations for the signal attenuation, T (dB),
and phase shift, Φ (deg), apply for each region’s thickness, yi (cm).
T = 8.686
ω
c
n∑
i=1
yi
−12
(
1− ω
2
p,i
ν2i + ω
2
i
)
+
1
2
(1− ω2p,i
ν2i + ω
2
i
)2
+
(
νiω
2
p,i
ωi(ν2i + ω
2
i )
)21/2

1/2
(2.9)
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Φ =
180ω
pic
n∑
i=1
yi
12
(
1− ω
2
p,i
ν2i + ω
2
i
)
+
1
2
(1− ω2p,i
ν2i + ω
2
i
)2
+
(
νiω
2
p,i
ωi(ν2i + ω
2
i )
)21/2

1/2
(2.10)
2.2 Microwave Interaction with Soot Particles
The propagation of radio waves through sand and dust storms has been studied with em-
phasis on the strength of communications links. The wavelengths of microwave links are short
enough to be influenced by absorption and Rayleigh scattering. Models for the resulting atten-
uation are developed by Dong [8] and Qunfeng [9]. Both models are based on the dielectric
properties of the sand or dust, and Qunfeng’s model includes the additional complication of
an electrical charge distribution over the dust particles. He defines the complex propagation
constant, K, for equisized sand particles as shown.
K = k0
[
1 + 2pir3sNs
(
∗s − 1
∗s + 2
)
+ 2pir4sNs
ρsqch(
∗
s − 1) sin2 θ0
6θ0E0(1− cos θ0)
]
(2.11)
Here: ∗s, ρs, and qch are the dielectric constant, mass density, and charge-to-mass ratio of the
soot particle, respectively. The particles in this model are assumed to be distinct and spherical.
The angular distribution of an electrical charge on the surface of a particle is represented by
θ0. Adopting this model for electrically neutral soot particles allows us to drop the last term.
The model now reduces to:
K = k0
[
1 + 2pir3sNs
(
∗s − 1
∗s + 2
)]
(2.12)
Following Qunfeng’s method, the attenuation and phase shift are determined from the real
and imaginary components of the propagation constant. The limit of this model as the soot
particle number density goes to zero is k0 and is in agreement with Equation 2.2. It can be
rewritten as:
K = k0 = β + iα (2.13)
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Soot particles within the rocket plume are expected to range in diameter from 20 nm to 60
nm [10]. This is substantially smaller than dust used in this model, but the Rayleigh screening
length is still satisfied. The diameter of the soot particles is much less than the wave length
of the microwave transmission (on the order of tens of millimeters), so they are not expected
to cause significant attenuation. Figure 2.4 shows the calculated attenuation caused by a dis-
persion of soot particles of number density Ns. The magnitude of the expected attenuation is
several orders of magnitude less than that predicted in Figure 2.3. A method by which to mea-
sure the soot concentration within the plume produced during an experiment is left for further
study.
2.3 S-Parameter Measurements
K.M. Mphale [11] describes how the S-parameters determined from a vector network an-
alyzer (VNA) can be used to indirectly measure the propagation constant of a plasma. The
propagation constant (γ) is a complex number composed of the attenuation coefficient (αf )
and phase coefficient (βf ).
γ = αf + iβf (2.14)
These coefficients are related to the electron density and collision frequency by the equa-
tions below. The plasma frequency is related to electron density as shown in Equation 2.6.
αf =
νω2p
2c(ω2 + ν2)
(2.15)
βf =
ω
c
(
1 +
ω4pν
2
8ω2(ω2 + ν2)
)
(2.16)
The experiment is set up such that horn 1 will transmit to horn 2. The VNA will measure
two S-parameters: the component of the transmitting antenna’s signal that is reflected back
(S11) and the component of the signal that travels from antenna 1 to antenna 2 (S21). The
8
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Figure 2.3 Predicted signal attenuation based on electron concentration.
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Figure 2.4 Predicted signal attenuation based on soot concentration.
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S-parameters are used to calculate the propagation factor (P) with the use of the reflection
coefficient (Γ).
P =
S211 + S
2
21 − Γ
1− (S11 + S21)Γ (2.17)
Γ =
(
S211 − S221 + 1
2S11
)2
±
√√√√(S211 − S221 + 1
2S11
)2
− 1 (2.18)
The sign used in Equation 2.18 is chosen such that the magnitude of Γ is less than one. The
propagation constant (γ) is related to the propagation factor (P) and the diameter of the plume
(dp):
γ =
ln(P−1)
dp
(2.19)
By equating the two relations for propagation constant (Equations 2.14 and 2.19), we can
solve for the attenuation coefficient (αf ) and phase coefficient (βf ). Substituting these values
into Equations 2.15 and 2.16 allows us to solve for the electron density and collision frequency
of the exhaust plume.
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3. Apparatus
3.1 Transmission Requirements
The objective of this apparatus is to generate a tunable microwave signal and direct it
through the width of a rocket exhaust plume. A vector network analyzer (VNA) records scat-
tering parameters (S-parameters) of the plume and passes them on to a laptop for processing.
Data collected during the motor burn is used to solve for the electron number density and
electron-neutral collision frequency from the propagation constant (seen in Equation 2.19).
The apparatus described here uses C-band transmissions and is designed so that it can easily
be reconfigured to test with other frequencies. It is the author’s intention to gather sample
data with this apparatus that will inform future research. Using the theory laid out above, it
is possible to anticipate the experimental data for a chosen transmission. The upper bound
on the bandwidth is shared between hardware capabilities and the largest frequency that will
still show a measurable attenuation as it passes through the plume. The lower bound of the
bandwidth is set by either the required beam width, or the critical electron density. The critical
electron density is given as the lowest value that will completely block a transmission of a
given radial frequency: ω.
Ne,cr =
0meω
2
q2e
(3.1)
With an estimated maximum electron density, this equation can be solved for the lowest ra-
dial transmission frequency that can pass through the entire plume. Note that this is equivalent
to setting the minimum transmission frequency equal to the maximum electron plasma fre-
quency of the plume. The computational simulation conducted with a stoichiometric methane-
oxygen rocket displays the electron number density within the plume in Figure 2.2. The values
11
range from about 107 cm−3 to 1012 cm−3. The experiment conducted by Blevins [6] show an
attenuation of about 0.45 dB at 17 GHz. This implies an electron number density on the order
of 5x1011 cm−3. Using Equation 3.2, this requires a minimum transmission frequency of 6.3
GHz.
ωmin =
√
Ne,maxq2e
0me
(3.2)
The test is first conducted near the nozzle exit where electron concentration is higher. A
locus of transmission frequencies is plotted in Figure 3.1. The range of electron densities
used here reflects that seen in the numerical simulation shown in Figure 2.2. The transmission
frequency should be larger than the critical value plotted to avoid radio blackout. Approaching
this limit creates significant (and more reliably recorded) signal attenuation. It appears that the
4 to 8 GHz octave is an effective range for measurements.
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Figure 3.1 Critical transmission frequency.
Controlling and recording the signals passed through the exhaust plume with a VNA allows
for some error correction. Calibrating the system before the experiment allows us to address the
use of range-gating to prevent multipath reflections from influencing measurements. Portions
of a signal that have followed a path other than the intended line-of-sight will have traversed a
12
greater distance and will exhibit a phase change proportional to that distance. Transmitting a
sweep of frequencies across an adequate bandwidth allows us to perform a Fourier transform
on the data and distinguish between line-of-sight and multipath signals. Note in Figure 2.2
that diffusion of the electrons has carried them out to about two nozzle exit diameters. For a
concentration of 109 cm−3 spread across 10 cm, we expect an attenuation of about 0.1 dB.
The power requirement for the transmission is driven by losses within the RF hardware,
free-space path loss, and attenuation due to the plume. Insertion loss was considered when
choosing hardware, but price and availability ultimately drove the selection of some compo-
nents. The steps taken to overcome insertion losses are discussed further below. The free-space
path loss is represented in Figure 3.2. The antennas must be placed far enough to operate in the
far-field condition. For the purposes of these first trials, one meter is assumed to be sufficient
separation. This distance results in a signal loss of about 50 dB. As it is shown in Figure 2.3,
the signal attenuation contributed by the exhaust plume is expected to be small relative to these
other factors. Coupled with the large expected path loss, hardware selection is motivated to
preserve a high signal-to-noise ratio.
For the safety of personnel and instruments, the test was operated at a distance of about 50
feet, requiring 50 foot coax cables for the transmit/receive lines. Relatively low-loss cables are
used, each contributing approximately 20 dB insertion loss. The attenuation of the signal due
to the exhaust plume is difficult to predict. Indeed, such a prediction is the motivation for this
first iteration of testing. As noted earlier, previous results indicate about 0.5 dB of attenuation
through the plume. The computational analysis cited predicts an attenuation coefficient of
0.01 dB/cm. The measurements recorded here will enable future work to be done with a
more precise understanding of the power and frequency requirements. To meet the power
requirements, the amplifiers shown in Figure 3.4 are used to strengthen both the outgoing and
returning signals. The antennas transmit at about +10 dBm during each test.
13
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Figure 3.2 Free-space path loss calculated for representative transmission frequencies.
3.2 Antenna Selection
The antennas for this apparatus must be able to operate in the C-band and transmit a directed
signal through the plume. Horn antennas can be built to meet high gain requirements, but they
operate most consistently over narrow bandwidths. Alternatively, ultra wide band horns can
also be found at great expense. Before an investment in either type of horn antenna can be
made, this preliminary work is done with a less expensive antenna. Log-periodic dipole array
(LPDA) antennas are capable of broadband transmission and the frequency range of interest
means that the array will be physically small and can be manufactured as a printed circuit
boards. This makes LPDA an accessible and adaptable option. Those chosen for this test1
have a four decibel gain and can operate between 2 and 11 GHz. The drawback of using this
antenna is its wide beam angle which varies from 60◦ to 70◦ for 4 GHz to 7 GHz.
In an ideal situation, the entire transmission passes through the exhaust plume and is re-
1KEB3985, http://www.wa5vjb.com/pcb-pdfs/LogPerio2000.pdf, Accessed Sept. 2012
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ceived on the opposite side. This is made easier with the use of full-scale rocket plumes
(whose diameters are on the order of meters) and/or the use of millimeter waves (K-band and
X-band). Dielectric lenses can also be used to refine the beam width. Figure 2.2 shows that
diffusion causes a significant concentration of electrons in the plume to spread beyond the
nozzle exit diameter. While the diameter of the visible plume in this experiment is expected to
be about 5.4 cm, the diameter of electrically conductive portion of the plume is estimated to
be about 10 cm. The beam width of the transmission should be less than this effective plume
diameter at the location of the measurement. Beam width is limited by the transmission wave-
length and antenna aperture. Figure 3.3 shows that the required beam width angle (E) for an
antenna must be less than 11.5◦ to meet this requirement. For wider beam widths, a portion of
the transmission is expected to be diffracted around the plume and may artificially inflate the
received power:
db =
x
2
∗ tan(E
2
) (3.3)
d
b
=
 1
0
 c
m
 
Figure 3.3 Transmission beam width.
3.3 RF Hardware Requirements
Figure 3.4 represents the components assembled to perform a test. The VNA2 produces a
signal sweep from 4 GHz to 7 GHz. The driving amplifier3 increases the signal strength to
overcome the cable loss. A circulator4 is used to allow the S11 measurement to be recorded
2Agilent, http://cp.literature.agilent.com/litweb/pdf/5988-3780EN.pdf, Accessed Sept. 2012
3Mini-Circuits, http://www.minicircuits.com/pdfs/ZVA-183W+.pdf, Accessed Oct. 2012
4Pasternack Enterprises, http://www.pasternack.com/images/ProductPDF/PE8402.pdf, Accessed Oct. 2012
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Figure 3.4 RF equipment block diagram.
on port 3 of the VNA. Providing sufficient isolation for the amplified signal is difficult, so the
power output of the VNA must be carefully regulated to prevent damage at port 3. The limiter5
is meant to protect the VNA should the signal’s power be mishandled. This component’s spec-
ifications limit our transmission frequency to 7 GHz. A series of amplifiers6 is used for both
the S21 and S11 measurements to compensate for the signal loss along the long return cables.7
These amplifiers are in two subassemblies, one of which is located near the receiving antenna,
so each requires its own DC power supply. All of these components are carefully mounted to
project boards to ensure the proper signal path and all connections are to be inspected before
a trial is begun. These amplifiers are in two subassemblies, one of which is located near the
receiving antenna, so each requires its own DC power supply. All of these components are
carefully mounted to project boards to ensure the proper signal path, and all connections are
to be inspected before a trial is begun. The bill of materials for this experiment is included in
Appendix A.
3.4 Rocket Motor Selection
The selection of motors for this test was driven by requirements for plume size, burn time,
personnel safety, and propellant composition. The typical solid motor used in high-powered
5Mini-Circuits, www.minicircuits.com/pdfs/VLM-73-1W+, Accessed Oct. 2012
6Mini-Circuits, w.minicircuits.com/pdfs/ZX60-8008E.pdf, Accessed Oct. 2012
7Pasternack Enterprises, http://www.pasternack.com/images/ProductPDF/PE3138.pdf, Accessed Oct. 2012
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rocketry contains ammonium perchlorate as an oxidizer and synthetic rubber as a binder/fuel.
Aluminum or magnesium are added as either an additional fuel or for visual effect. Some
propellants contain additional metals or salts to produce a vibrantly colored flame and varying
amounts of smoke. These additives may influence the electron production or residence within
the plume The intention for this test is to work with a simple propellant to minimize such
complications. The motor8 chosen is a J295 uses a “Classic” propellant. The relevant Material
Safety Data Sheet [12] provides the data in Table 3.1. Video of this propellant shows it to burn
with a relatively small amount of smoke and an unexaggerated flame. With a burn time of four
seconds, the plume created by this motor will last long enough for the VNA to record a large
number frequency sweeps, facilitating data analysis.
Ingredient Name Percentage
Ammonium Perchlorate 65-80%
Aluminum or Magnesium 0-15%
Iron Oxide 0-2%
Synthetic Rubber 10-30%
Table 3.1 Composition / Information on Ingredients for Classic and White Thunder Propellants.
3.5 Test Stand Hardware
Figure 3.5 shows a model of the experiment setup. A large steel frame is used as the base
of the rocket test stand. The motor case is mounted horizontally to the face of the frame. It
is important that the motor be mounted in such a way that it is kept clear of obstacles to the
microwave transmission. A test stand mounted close to the ground or with structure extending
beyond the motor nozzle would cause significant radio reflections. The two frames supporting
the antennas are made from slotted aluminum. Their construction simplifies how the antennas
are mounted (highlighted in Figure 3.6) and allows the rig to be easily reconfigured for other
motors or test stands. Note that in this experiment, the antennas were horizontally polarized.
Custom brackets have been printed for the antennas and allow them to be rotated about their
long axis, adjusting the polarization of the transmission. The antennas are aligned across the
8CTI, http://www.pro38.com/motor/J295-15A.html, Accessed Oct. 2012
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plume and lined up and positioned to record measurements 20 cm downstream of the rocket
exit plane. They can be moved further downstream for additional trials in order to develop
an electron number density profile. Knowledge of how the electron density varies axially
would contribute to an estimate the effective conductor length of the plume - an important
consideration in evaluating the threat of a lightning strike.
Figure 3.5 Antenna rig and test stand during a motor firing.
Figure 3.6 An LPDA mounted to the antenna rig (vertical polarization).
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3.6 Procedure
Trials were conducted outdoors and well away from vehicles and buildings. Personnel
were stationed at least 50 feet away and the area was blocked off to keep passersby at a safe
distance. With the help of members from the Experimental Rocket Propulsion Lab (ERPL) and
the Embry-Riddle Future Space Explorers and Developers Society (ERFSEDS), the test stands
were moved into position and the rocket motors are prepared according to the manufacturer’s
instructions. A clear, paved area was used so that all the equipment could stand securely.
Cameras were placed before the trial to record images of the exhaust plume to verify alignment
of the antennas and to estimate the plume’s width. The trials were conducted with the antennas
20 cm downstream of the nozzle exit and one meter apart (centered on the plume). The electron
number density was expected to be on the order of 109 cm−3 here with a plume diameter of
about 10 cm. For both of these trials, the antennas were horizontally polarized.
Components were connected with care so that no undue stress would be placed on the
coaxial connectors. Power supplies had to be adjusted to provide sufficient current and voltage
to the amplifiers, and the strengths of the signals returning to the VNA were checked to ensure
that its specifications were not exceeded.
The VNA was controlled by a GPIB/USB controller connected to a laptop. A Matlab script
was used to continuously trigger and record frequency sweeps to the VNA’s hard drive. This
proved to be the most secure way to record data and allowed for a sample rate of 6.25 sweeps
per second with 401 frequency points per sweep. Before each trial, two background mea-
surements were recorded and transferred to the laptop to check that data was being recorded
correctly. Next, a new data set was begun with the countdown to motor ignition. The VNA cap-
tured data until the motor had been completely extinguished. Saved data sets were transfered
to the laptop and verified before the experiment was reset for the next trial.
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4. Data
The S-parameters are recorded as polar values and converted to complex values before
being manipulated. Two trials were conducted and both data sets show the same trends. The
Figures presented here are from the first data set (Trial A). Figure 4.1 is a surface showing
each sweep of the transmission parameter (S21) across the measurement time. Motor ignition
occurs at approximately t = 10 s. The effect of the exhaust plume is observed over its entire
burn time - about four seconds. The background measurements are similarly transformed
and are averaged across their sweeps. The background is then removed from the data seen
in 4.1 and the resulting surface is shown in 4.2. The highest peak in Figure 4.1 (at 46.3 ns)
represents the power transmitted along the direct path through the plume. Subsequent peaks
in the transform represent energy received along paths other than the line of sight between
the antennas. In Figure 4.2, the multipath reflections caused by the plume interfere with the
transmission to create the pattern of peaks and troughs seen after the direct path peak.
Figure 4.1 Transformed S21 data.
To inspect the behavior of the received power across the direct path alone, the single bin
is plotted with background subtraction over the measurement time in Figure 4.3. A loss of
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Figure 4.2 Transformed S21 data with background subtraction.
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Figure 4.3 Direct path measurement with the full 4-7 GHz sweep.
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signal strength is not seen along the direct path as was expected during the experiment’s de-
velopment. The increase in signal strength during the motor burn suggests a mechanism other
than attenuation is at work. The alignment of the antennas with the plume was verified before
each trial, and video recording of the trials confirm that the antennas do not move during the
motor burn. It is speculated that the plume’s index of refraction is such that some transmitted
energy not penetrating the plume is redirected to the receiving antenna. The plume’s index of
attenuation may also impact the transmission, but the effect is dominated by diffraction around
the plume. For this to be the case, the plume would characterized by a large value of µ, but a
relatively small χ. Kinefuchi performed a frequency-dependent finite-difference time-domain
simulation of a full scale solid rocket motor probed with three discreet microwave frequen-
cies [13]. The results of this simulation show attenuation of 2.3 GHz, 5.6 GHz, and 8.5 GHz
transmissions across the plume. For the 2.3 GHz data set, a slight recovery of signal strength
beyond the plume is attributed to diffraction of the wave around the plume. This effect is not
observed in the 8.5 GHz data set.
In order to look for evidence of diffraction in these new sets of experimental data, they are
divided into three frequency regimes: 4-5 GHz, 5-6 GHz, and 6-7 GHz. The received power
along the direct path is plotted in Figures 4.4 through 4.6. If the net increase received power
is to be ascribed to a diffraction mechanism similar to that in Kinefuchi’s simulation, it is
expected that the change in power across the exhaust plume should decrease as the frequency
increases. Table 4.1 summarizes the results from both Trials A and B.
The increase in signal power is indeed greatest for the 4-5 GHz regime. Less power is
recovered in the 5-6 GHz regime, and there is an apparent power loss in the highest frequency
regime. If penetration of the plume is assumed to be the dominating effect in the 6-7 GHz
sample, the average electron density required to cause the attenuation can be estimated. To
cover the results seen in the 6-7 GHz regime for both trials A and B, the electron density must
fall between 2.7x1014 m−3 and 5.6x1015 m−3. Without a wider range of data, it is difficult to
determine if a larger value of electron density could be responsible for signal diffraction great
enough to compensate for the greater signal attenuation. The critical value of electron number
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Trial A
Frequency Range Average Change in Power 95% Confidence
(GHz) along Direct Path (dB) Interval
4 - 7 + 0.035 ±0.015
4 - 5 + 0.244 ±0.031
5 - 6 + 0.036 ±0.025
6 - 7 - 0.047 ±0.017
Trial B
4 - 7 + 0.057 ±0.007
4 - 5 + 0.237 ±0.020
5 - 6 + 0.033 ±0.007
6 - 7 - 0.021 ±0.016
Table 4.1 Summary of measurements taken across the exhaust plume.
density described by Equation 3.1 can be considered an absolute upper bound. At 7 GHz, the
transmission would not penetrate a plasma with electron density of 6x1017 m−3.
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Figure 4.4 Direct path measurement for a 4-5 GHz sweep.
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Figure 4.5 Direct path measurement for a 5-6 GHz sweep.
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Figure 4.6 Direct path measurement for a 6-7 GHz sweep.
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5. Topics for Further Research
The known drawback of using the LPDA antennas was their large beam width angle. Mea-
surements made with a more focused transmission may be less subject to diffraction and in-
crease reliability of the data. A broadband horn antenna with significantly greater directionality
would be appropriate for further research. Knowledge of the degree of influence diffraction
has on the measurements, specifically what percentage of the transmitted power can be redi-
rected to the receiving antenna, would lead to a more refined estimate of the plume’s electron
number density. As the 6-7 GHz frequency range displays a measurable attenuation, repeating
the experiment at higher frequencies may aid in better describing the effect of attenuation.
Direct measurements of soot particle concentration could verify the range of values used in
this analysis and might be used to adjust the expected signal attenuation. Infrared spectrometry
or direct sample collection may prove to be viable candidates for these measurements. Valida-
tion of the application of the sand storm-based model to the much smaller soot particles should
also be considered. Soot particles are likely to agglomerate within the plume, increasing their
effective size. Furthermore, soot particles may acquire an electrical charge from collisions
with either positive ions or free electrons in the exhaust. This may serve to reduce the number
of mobile electrons that would otherwise interact with radio waves. Charged soot particles
may independently contribute to the conductivity of the plume.
Signal attenuation due to the local atmosphere is accounted for by the control trial. It
may be informative, however, to identify the prominent combustion products within the plume
and avoid using a transmission frequency that excites any strong absorption bands. While
the placement of the components of this experiment is intended to reduce the influence of
multipath reflections, microwave-absorbing material could be employed to further isolate the
data collected along the antennas’ line of sight.
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6. Conclusion
This work resulted in the introduction to and use of a new experimental capability at Embry-
Riddle. The procedure presented here outlines the steps for conducting microwave probe mea-
surements with a solid rocket plume. The apparatus has been developed and used in a first
attempt to characterize the electrical properties of the rocket’s exhaust. The equipment and re-
sults have been laid out so that the transmission techniques may be refined in future research.
The interaction between the C-band transmissions and the exhaust plume has proven to
be more complex than anticipated. Diffraction of electromagnetic waves around the exhaust
plume obscures the attenuation imposed on waves penetrating the plume. This is, in part,
due to the wide beam width of the selected antennas. Further trials with alternate antennas and
transmission frequencies will provide clearer data that contribute to understanding the effective
conductor length of the rocket plume.
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A. Bill of Materials
Description Manufacturer Model No. Quantity
Network Equipment
LPDA keb3985 2-11 GHz 2
SMA to SMA RG405 Coax - 24 in Pasternack PE3818-24 1
GPIB-USB Controller Prologix gpib-usb 1
SMA to SMA male PE-P195 Coax - 600 in Pasternack PE3138 2
Precision SMA to SMA Radius Right Angle Adapter Pasternack PE9641 3
SMA Circulator Pasternack PE8402 2
Termination SMA Mini-Circuits ANNE-50+ 1
Super Ultra Wideband Amplifier, 0.1-18 GHz Mini-Circuits ZVA-183W+ 1
MASSCOOL 9T288B1M3G 70mm Ball CPU Cooler Newegg N82E16835150086 1
Connectorized Amplifier, 20 MHz - 8 GHz Mini-Circuits ZX60-8008E+ 8
SMA to SMA RG142 Coax - 36 in Pasternack PE3385LF-36 3
SMA Male to SMA Male Adapter Mini-Circuits SM-SM50+ 10
 +12 to +30dBm Limiter Mini-Circuits VLM-73-1W+ 1
Triple Output DC Power Supply BK Precision 1670A 1
Programmable DC Power Supplies BK Precision 1788 1
Structure
Printed LPDA Brackets - 2
Hex Bolt, 1/4-20 x 3/4", Nylon Crown Bolt - 4
Machine Screw Nut, 1/4", Nylon Crown Bolt - 4
1.5" X 1.5" T-SLOTTED PROFILE - CUT TO 24" 80/20 Inc. 1515 16
1.5" X 1.5" T-SLOTTED PROFILE - CUT TO 60" 80/20 Inc. 1515 4
1.5" X 1.5" T-SLOT AND TUBE CUT TO LENGTH 80/20 Inc. 7010 20
5/16-18 X 11/16" FBHSCS & ECON T-NUT 80/20 Inc. 3320 24
5/16-18 DOUBLE ECONOMY T-NUT & TWO 11/16" FBHSCS 80/20 Inc. 3355 64
15 S 4 HOLE INSIDE CORNER BRACKET 80/20 Inc. 4301 12
15 S 4 HOLE 45 DEGREE ANGLE JOINING PLATE 80/20 Inc. 4346 8
15 S 5 HOLE 90 DEGREE JOINING PLATE 80/20 Inc. 4351 12
Multipurpose Aluminum (Alloy 6061) 1/4" Thick, 12" X 12" McMaster-Carr 9246K13 1
mounting hardware
Rocket Motor
Cesaroni Pro54 Delay/Eject-Closure Adapter Aero Pack MC54 1
Cesaroni Pro-54 3 grain casing Cesaroni P54-3G 1
Cesaroni Pro-54 rear closure Cesaroni P54-CL 1
Cesaroni J295 reload kti Cesaroni 1195J295-16A 4
27
B. Test Procedure
1. Transport the test stands and equipment to the testing site.
2. The rocket test stand must be oriented so that the exhaust points away from personnel and buildings.
3. The antenna test stands are placed on either side of the motor mount so that the antenna apertures are one
meter apart.
4. Screw the adapter into the forward closure of the Cesaroni motor and assemble the reload according to the
manufacturer’s instructions.
5. Mount the assembled motor to the test stand.
6. Support the midsection of the rocket motor by stacking cinder blocks below the motor and strapping it
down.
7. Ensure that the antennas are aligned and centered on the path of the plume.
8. Adjust the antennas (or stands) so that the line of sight is 20 cm downstream of the nozzle.
9. Check that the rocket and antenna test stands are set firmly on the ground and will not tilt or wobble during
use.
10. Start the VNA and connect the components and coaxial cables as shown in Figure 3.4.
11. Set the power supplies so that the amplifiers and cooling fan receive their required voltage.
12. Configure the VNA to record S21 and S31 on Channel 1.
13. Set the start and stop frequencies to 4 GHz and 7 GHz, respectively.
14. Set the power to -10 dB.
15. Set the number of points per sweep to 401.
16. Set the trigger source to Bus and ensure that the trigger mode remains set to Continuous.
17. Block off the testing area and make sure no one comes within 50 ft of the test stand once it is armed.
18. Once all equipment and personnel are prepared, insert the motor’s igniter and connect it to the launch box.
19. With everyone stationed in their final positions, take a background measurement lasting at least 5 seconds.
20. Begin a new set of sweeps with the countdown to motor ignition. Continue recording for several seconds
after the motor stops burning.
21. Record a second background measurement while everyone is still clear of the test stand.
22. Once the motor has cooled, remove the motor and prepare the next reload.
23. When testing is complete, turn off power to all components and stop transmission from the VNA before
disconnecting any cables or components.
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